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Abstract 
Bryophytes are a dominant vegetation component of the boreal forest, and an important part 
of the ecosystem, yet little is known about the microbial community associated with them. 
The aims of this thesis were 1) to analyze the diversity of Galerina species associated with 
four different boreal moss species, and 2) to examine how they are distributed between the 
mosses’ photosynthetic versus senescent tissues. DNA sequences with affinity to Galerina 
were extracted from two comprehensive fungal diversity 454 pyrosequencing datasets and 
analyzed further. A total of 11,746 Galerina reads were clustered into 26 non-singleton OTUs 
that were attributed to 15 different Galerina species. Six of the Galerina OTUs were 
dominant and accounted for about 96% of the reads, and were found in most of the shoot 
fragments (>95%). Almost all the Galerina OTUs occurred more frequently in the brown 
senescent tissue than the green photosynthetic tissue, indicating that the OTUs are almost 
exclusively saprophytes. Some of the Galerina OTUs were host specific to one moss host, 
while others were not. This shows that the Galerina genus include species that probably are 
specialists to specific microniches, and also species that are non-specific generalists. This host 
specificity could be used as a tool to identify Galerina species apart from each other when 
morphological characters are very similar. 
 
Introduction  
Bryophytes are a dominant and functionally important vegetation component of the boreal 
forest floor vegetation, producing organic matter, hosting nitrogen-fixing bacteria, stabilizing 
soils or debris, and trapping sediments and water (Turetsky, 2003; DeLuca et al., 2002). 
Bryophytes contribute considerable bio mass in boreal biomes (Bach et al., 2009; Benscoter 
and Vitt, 2007; Turetsky, 2003), exceeding that of vascular plants (excluding trees) in a mixed 
boreal forest (Palviainen et al., 2005). Bryophytes represent a multitude of microhabitats for 
microorganisms that form a gradient from the green photosynthetic tissue at the top to the 
brown senescent tissue underneath and finally connecting to the rich fungal community of the 
soil (Lindahl et al., 2007). The green tissues have an active and broad diversity of chemical 
defenses similar to those found in vascular plants, protecting them from attacks by 
microorganisms (Ferreira et al., 2006; Frahm, 2004; Hammerschmidt, 1999; Wang et al., 
2005). The brown tissues, on the other hand, are a mixture of storage (Hakala and Sewòn, 
1992; Skre et al. 1983), senescent and dying cells presumably with lower defensive 
capabilities than the green tissues.  
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Bryophilous Fungi 
Bryophilous fungi are fungi associated with bryophytes. They play various ecological roles 
such as saprotrophs, parasites, pathogens and mutualists, affecting the health of or even 
killing their bryophyte hosts (reviewed by Davey and Currah, 2006). As parasites and 
pathogens on bryophytes they can be effective to maintain the diversity of moss and higher 
plant communities (Hoshino et al., 2001). As saprotrophs on bryophytes, fungi can play an 
important role in the carbon cycle because the cell walls of mosses decompose slowly, 
probably because they contain polyphenolic compounds that resemble lignin. However, some 
microfungi are able to degrade mosses, and seems to have an important role in bryophyte 
decomposition (Thormann et al., 2002; Day and Currah, 2011). Many bryophilous fungi 
species are adapted to specific microsites and microniches, e.g. hyaline hair points, 
subterranean rhizoids or antheridial cups (Döbbeler, 2002; reviewed by Davey and Currah, 
2006). However, in general terms little is known about the diversity and function of fungi 
associated with bryophytes. During recent years, the knowledge about the composition of the 
fungal community in dead bryophytes and humus (Lindahl et al., 2007) has increased, but still 
very little is known about the diversity of fungi associated with the photosynthesizing living 
green parts of boreal forest bryophytes (Kauserud et al., 2008).  
 
Galerina 
The basidiomycete genus Galerina is known to include more than 300 small agarics 
worldwide, but they are predominately described from the Northern Hemisphere (Gulden et 
al., 2005). Most Galerinas are thought to be saprotrophic and associated with bryophytes, 
probably as saprophytes of the senescent brown parts (Gulden et al., 2005), and produce a 
variety of degrading enzymes. Galerina species are known to produce laccase and peroxidase 
enzymes that breaks down lignin and lignin like compounds (Tortella et al., 2008), and 
resembles laccases in Trametes white rot fungi species (Ibrahim et al., 2011). Also, Galerina 
produces cellulase and hemicellulase enzymes that break down cellulose and hemicellulose 
(Nagendran et al., 2009; Wolfe et al., 2012). Other Galerina species are assumed to be 
biotrophic (Gulden, 2008) i.e. parasites or endophytes. Molecular phylogenetic analyses have 
revealed that the genus is polyphyletic, including at least four independent clades (Gulden et 
al., 2005). Furthermore, the genus includes many species complexes (Gulden et al., 2005) 
making taxonomic assignment difficult.  
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454 sequencing 
During the last few years high throughput DNA sequencing techniques like 454 
pyrosequencing have changed the field of microbiology, because sequences can be generated 
in much greater numbers than ever before. The vast amount of sequences allows us to detect 
organisms present in low abundances, and those not culturable (Begerow et al., 2010, Ekblom 
and Galindo, 2011). Some of the pioneering studies using pyrosequencing for fungal diversity 
inventories (Buèe et al., 2009; Amend et al., 2010) demonstrate the utility of this technology 
in studying fungal diversity and patterns in fungal distribution based on environmental 
samples. Jumpponen and Jones (2009) were the first to implemented these techniques to 
investigate the fungal communities in the phyllosphere of Quercus macrocarpa, where the 
phyllosphere being the living leaf as a whole including the inter- and intracellular interior 
spaces as well as the surface (Carroll et al., 1977). From 54 samples they detected ~18,000 
sequences, and these were tentatively associated with almost 700 phyllosphere fungal species. 
Davey et al. (2012) analyzed the diversity and seasonal variance of fungi associated with 
boreal bryophytes using 454 pyrosequencing, and like Jumpponen and Jones (2009) found a 
high diversity of fungi in their samples; about 2,676 species (OTUs) in 294 samples. 
 
Aims: 
The main aim of this study was to investigate the diversity of Galerina species associated 
with four different bryophytes (Dicranum scoparium, Hylocomium splendens, Pleurozium 
schreberi, and Polytrichum commune). This was done by extracting Galerina sequences from 
two 454 pyrosequencing studies dealing with the moss phyllospheres (Davey et al. Submitted; 
Davey et al. in prep). The ecology of the Galerina species was analyzed by investigating 
preferences for one or more of the four host mosses, and also for the green or brown tissue.  
 
Materials and methods 
Data mining and Bioinformatics 
Sequences with taxonomic affinity to Galerina were mined from two ITS2 pyrosequencing 
datasets: (I) a dataset  investigating the effects of nitrogen fertilization on the fungal 
communities associated with three bryophyte hosts (Davey et al. Submitted; Davey et al. in 
prep.) and (II) a dataset characterizing variation in bryophyte-associated fungal communities 
across an elevation and vegetation gradient (Davey et al. Submitted; Davey et al. in prep.). 
The two datasets included sequences obtained from the bryophyte hosts Dicranum scoparium, 
Hylocomium splendens, Pleurozium schreberi. Polytrichum commune was also included in 
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dataset (II), but not in dataset (I). In both studies, individual shoots of the bryophyte hosts 
were collected, cleaned, divided into photosynthetic and senescent tissues as described in 
Davey et al. (2012). DNA was extracted from a total of 588 shoot fragments, and for both 
datasets, the ITS2 region of rDNA was amplified by nested PCR, and the amplicons were 
pyrosequenced as described in Davey et al. (2012). Sequences were quality-filtered and 
denoised as described in Davey et al. (2012) before extraction of sequences identified as 
Galerina by their best BLAST match against the NCBI GenBank database. In total, 5,418 and 
6,328 sequences with taxonomic affinity to Galerina were extracted from the two studies, 
respectively, representing putative Galerina incidences in 345 shoot fragments. The 11,746 
sequences were clustered into Operational Taxonomic Units (OTUs) using the uclust 
algorithm as implemented in Qiime v.1.3.0 (Caporaso et al., 2010; Edgar, 2010) with a 96% 
similarity threshold. The most abundant sequence from each OTU was selected as the 
representative sequence, compared against the NCBI-nr nucleotide database using BLAST, 
and a taxonomic assignment given based on the best BLAST match to a known organism. 
Singleton OTUs were removed from the dataset as putative sequencing errors (Tedersoo et al., 
2010).     
 
Phylogenetic Analyses 
A nucleotide matrix consisting of all the representative sequences and a collection of Galerina 
ITS2 reference sequences retrieved from GenBank (mainly from Gulden et al., 2005) was 
aligned using MAFFT v 6.717 (Katoh et al., 2009). Ambiguously aligned regions were 
removed using Gblocks version 0.91b (Castresana, 2000) and the resulting alignment 
subjected to maximum likelihood analysis using GARLI version 1.0 (Zwickl, 2006). 
 
Statistical Analyses 
EstimateS (Colwell, 2005) was used to calculate Mao Tao species accumulation curves, for 
the whole dataset, and for each hosts and tissue type (Fig 1). A bootstrap richness estimate 
(Smith and van Belle, 1984) was also calculated, which gives us an estimate of the total 
number of species expected in our samples. For analyzing host and tissue preferences, only 
OTUs occurring in more than 50 shoot fragments and with total abundance >1,000 reads were 
analyzed. For these six widespread OTUs, the total abundance and frequency of occurrence  
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Fig. 1: Accumulation curves for Galerina OTUs using Mao Tao calculated observations showing the 
number of OTUs found in each of the four moss hosts (a), in the two tissue types (b) and a 
comparison of the Mao-Tau calculated number of OTUs detected, and a bootstrap richness estimate 
of the total Galerina species richness (c). 
 
 
was compared in the different host and tissue types. Pearson’s chi-squared tests were used to 
compare the frequency of occurrence of each OTU in the four hosts, and in the two tissue 
types. For each of the six most abundant OTUs, histograms were plotted based on number of 
reads detected in each shoot fragment divided by host and tissue class (Fig. 2).  
 
Results 
Data characteristics and taxonomic affinity 
Galerina was found in 58.7% of the shoot fragments. The 11,746 Galerina reads extracted 
from the two datasets were clustered into 26 non-singleton OTUs. The Galerina OTUs 
accumulation curve were not saturated however (Fig. 1), indicating that not all OTUs present 
were recovered in this study. The bootstrap richness estimate (Smith and van Belle 1984) 
gives an estimate of ~30 OTUs occurring in the moss hosts. Most shoot fragments contained 
only one Galerina OTU (61.4%, range:1-6). The 26 OTUs were identified as belonging to 
Galerina based on the best BLAST match from the NCBI-nr nucleotide database, and were 
attributed to 15 different Galerina species. Twenty of the 26 OTUs had ≥97% sequence 
similarity to a known Galerina reference sequence. Multiple OTUs were assigned to G. 
pumila, G. fallax, G. cephalotricha, G. atkinsoniana, G. stylifera and G. mniophila. The 
OTUs did not group together into one lineage, but rather were affiliated with separate lineages 
across the Galerina tree (Fig. 3). The six most abundant OTUs (Table 1, shaded) account for  
7 
 
 
 
Fig. 2: Histograms showing the number of Galerina reads found in individual samples (shoot 
fragment) divided into categories ranging from 1-1000 reads. Distribution according to tissue type is 
shown on the left, and according to hosts to the right.  
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Fig. 3: Maximum likelihood tree showing the genetic diversity of Galerina OTUs in the dataset. The 
tree combines GenBank ITS2 reference sequences and the representative sequences of the  26 
OTUs (highlighted). The six most abundanct OTUs are colored in orange with attached pie charts 
showing the distribution of reads between the hosts and tissue types. All 26 OTU names are written 
as: OTU ID, total abundance and frequency. 
 
 
 
Table 1: The 26 most abundant OTUs sorted from the largest number of reads to the smallest. The 
OTUs were given taxonomic assignments based on the best BLAST matches from NCBI-nr nucleotide 
database. The six most abundant OTUs (shaded) account for most of the reads (>96%), and are 
found in most of the samples (>95%). 
OTU #Reads #Samples 
1 
%Coverage 
2 
%ID 
3 
Consensus 
Lineage 
Ecology 
4 
17 3100 69 85 99 pumila bryophilous 
18 1918 142 89 100 fallax bryophilous 
9 1819 61 89 99 cephalotricha bryophilous 
8 1596 53 88 99 luteolosperma bryophilous 
31 1484 74 98 98 atkinsoniana bryophilous 
10 1380 81 88 99 calyptrata bryophilous 
6 169 1 89 99 pseudocamerina conifer debris 
23 99 13 88 100 hypnorum bryophilous 
21 36 4 89 99 atkinsoniana bryophilous 
30 34 4 91 94 fallax bryophilous 
24 33 3 89 98 pseudobadipes conifer debris 
1 16 1 99 91 stylifera lignicolous 
14 14 3 70 99 fallax bryophilous 
19 9 1 72 99 mniophila bryophilous 
26 9 1 89 95 pumila bryophilous 
2 4 2 99 92 stylifera lignicolous 
13 4 1 89 97 cephalotricha bryophilous 
20 4 1 70 99 pumila bryophilous 
34 4 2 89 99 allospora bryophilous 
0 2 1 71 99 atkinsoniana bryophilous 
3 2 2 87 99 hybrida sphagnicolous 
11 2 2 98 97 unicolor ligni- & terri- colous 
12 2 1 88 91 cephalotricha bryophilous 
16 2 2 46 95 harrisonii bryophilous 
22 2 1 59 100 mniophila bryophilous 
27 2 1 70 100 atkinsoniana Bryophilous 
1 
The number of samples (shoot fragments) where the OTU was present.  
2 
Percent similar nucleotide coverage between the OTU representative sequence and BLAST match 
sequence from the NCBI-nr nucleotide database. 
3 
Percent nucleotide match between the OTU representative sequence and the BLAST match 
sequence from the NCBI-nr nucleotide database. 
4 
The OTU main known ecology (Gulden, 2008). 
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about 96% of the reads and were found in most of the 345 shoot fragments (>95%). The 
ecology of the detected OTUs, as judged by current literature knowledge of the best BLAST 
hits, is thought to be mostly bryophilous (Table 1). Among the more infrequent OTUs, species 
are known to have different substrate and host affinities appear, including species that are 
lignicolous, terricolous and associate with conifer debris (Table 1). The number of reads per 
OTU detected in each shoot fragment ranged from one to several hundred (Fig. 2). For each 
OTU, there were a high number of samples in which just a few reads were detected (1-5), and 
fewer samples with a high number of reads detected (100-1,000). Because of the wide 
dispersion of the abundance data and correspondingly large standard deviation, meaningful 
statistical analysis of the abundance data is difficult. 
   
Host 
A total of 7,452 sequences with affinity to Galerina occurred in 118 P. schreberi shoot 
fragments, 2,925 sequences in the 124 D. scoparium fragments, 1,059 sequences in the 88 H. 
splendens fragments, and 310 sequences s in the 15 P. commune fragments (Fig. 4a). Because  
of the low number of samples the P. commune data was removed from the host and tissue 
analyses (Fig. 2 and Fig. 4), but was used in the OTU table (Table 1), phylogenetic tree (Fig. 
3) and accumulation curves (Fig. 1). When it comes to the frequency data (Fig. 4b), four of 
the six most abundant Galerina OTUs (9, 10, 17, 18) occurred significantly more frequently 
in one host than in the others (chi-square test, p <0.05). OTU 9 and 17 were most frequent in 
P. schreberi, while OTU 10 and 18 were most frequent in D. scoparium. The last two OTUs 
(8, 31) were not significantly more frequent in one host than in the others, but rather had a 
more even distribution between the hosts. In four of the six OTUs (8, 9, 10, 17) there was 
clearly higher abundance of reads in one host over the others (Fig. 4a), which mostly is due to 
a few samples having a very high number of reads (Fig. 2). OTU 8, 9 and 17 were most 
abundant in P. schreberi, while OTU 10 was most abundant in D. scoparium. The last two 
OTUs (18, 31) had an even distribution of reads across the hosts.  
 
Tissue 
A total of 2,874 sequences were detected in 141 green (photosynthetic) shoot fragments, and 
8,872 sequences in 204 brown (senescent) shoot fragments (Fig. 4c). When it comes to the 
frequency data (Fig. 4d), the six most abundant Galerina OTUs occurred consistently more 
frequently in the brown tissue than in the green tissue, and there were significant differences 
in frequency for OTU 9, 10, 18 and 31 between the two tissue types (chi-square tests, p  
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Fig. 4: Frequency (b,d) and abundance (a,c) of the six most abundant OTUs in each of the three 
host species (P. schreberi, D. scoparium and H. splendens) (a, b), and in the green and brown 
tissues (c, d). The asteriks indicate OTUs with a significant difference in frequency between tissue 
types (b), and host mosses (d) (chi-square tests, p <0.05). 
 
 
 
<0.05). Correspondingly, in five OTUs (OTU 8, 9, 10, 18, 31) there were more reads detected 
in the brown tissue than in the green tissue, while OTU 17 had more reads in the green tissue. 
Also, the histograms of per-sample abundance demonstrate that those samples with a high 
number of reads were detected almost exclusively in the brown tissue (Fig. 2). OTU 17 was 
the only one with a high number of reads detected in both the green and brown shoot 
fragments (Fig. 4c).  
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Discussion 
Diversity of Galerina in mosses  
A high diversity of fungi is known to be associated with bryophytes (Felix, 1988). These are 
mainly ascomycetes (Döbbeler, 1997), but also some basidiomycetes (Kost, 1988), including 
the genus Galerina (Gulden et al., 2005). Gulden et al. (2005) showed that Galerina is 
polyphyletic, and includes as at least four independent main clades. The phylogenetic tree 
(Fig. 3) shows that the Galerina OTUs do not group together, but are rather scattered all over 
the tree. This suggests that there has not been one unique evolutionary transition for the genus 
to live on moss substrate, but several independent transitions. 
In this study 26 OTUs with taxonomic affinity to Galerina were detected (Table 1). 
Twenty of these were detected in very low abundances and frequencies compared to the six 
most abundant ones, indicating that they may not be strongly associated with the moss hosts 
analyzed in this study. One would expect that only OTUs attributed to species with known 
bryophilous life histories would be found, but other ecologies were detected as well, including 
species associated with conifer debris, lignin and terricolous ones. Why were putative non-
bryophilous Galerina species found? A possible hypothesis is that these OTUs were air-borne 
contaminants, or small numbers of residual spores not removed during the cleaning process. 
This is reasonable considering that the reads occur in low numbers and in very few shoot 
fragments (mostly only 1-4 samples). 
 
Host affinity  
Some bryophilous fungi are known to be generalists, i.e. not host specific, and are associated 
with a number of bryophyte species (Davey and Currah, 2006). Presumably these species 
have an effective enzymatic apparatus enabling them to grow across various hosts and tissues. 
Two of the six most abundant OTUs, OTU 18 (with 100% similarity to a G. fallax GenBank 
accession) and OTU 31 (with 98% similarity to a G. atkinsoniana GenBank  accession), are 
presumably generalists, as both have reads occurring in an even distribution between at least 
two of the moss hosts (Fig. 4a). The frequency data shows that OTU 31 (~G. atkinsoniana) 
also occur in an even distribution between the host samples (Fig. 4b). OTU 18 (~G. fallax) 
has a significantly higher frequency of occurrence in moss host D. scoparium, which could 
indicate a preference for the host. However, most of the samples of D. scoparium include 
OTU 18 in a low abundance. Assuming that low abundance incidences represent spores, while 
high abundance incidences represent mycelium (Fig. 2), most of these reads may be spores. If 
so the reads are not colonizing tissue that gives an indication of preference for the host.  
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Other bryophilous fungi are specialists, only colonizing one genus or even a single 
species of bryophyte moss (reviewed by Davey and Currah, 2006). They often have special 
traits like enzymes or pegs that help them break through the cell walls and survive fungal 
defenses (reviewed by Davey and Currah, 2006). The remaining four of the six most abundant 
OTUs are presumably host specific, because they have an uneven distribution of reads 
between the moss hosts. OTU 8 (with 99% similarity to a G. luteolosperma GenBank 
accession), OTU 9 (with 99% similarity to a G. cephalotricha GenBank accession) and OTU 
17 (with 99% similarity to a G. Pumila GenBank accession) have a high number of reads 
found in P. schreberi samples, and OTU 10 (with 99% similarity to a G. calyptrata GenBank 
accession) has a high number of reads in D. scoparium samples. One way to investigate host 
specificity further would be to isolate the fungi at the lab and perform common garden 
experiments to explore their preference of various hosts.  
P. commune was present only in one of the two original datasets. But even taking this 
in to consideration, there were few Galerina reads from P. commune compared to the other 
three moss hosts. When it comes to numbers of colonized samples, only approximately one 
seventh as many  P. commune samples was colonized compared to the other hosts, suggesting 
Galerina is largely unable to colonize this species. P. commune is known to host less fungal 
biomass than H. splendens and P. schreberi, which suggest that P. commune presents a hostile 
environment for fungi, and might have effective fungal defense mechanisms (Davey et al., 
2009). Whether this could be due to particularly effective host anti-fungal defenses, or if P. 
commune represents a nutritionally unsuitable host/substrate for Galerina is not known. 
 
Colonization of green versus brown tissue  
Most Galerina species are thought to be saprotrophic and associated with bryophytes, 
probably as saprophytes of the senescent brown parts (Gulden et al., 2005). One may 
speculate that this is because the brown tissue is a mixture of storage, senescent and dying 
cells (Hakala and Sewòn, 1992; Skre et al., 1985) making it a good source of nutrients. Also, 
the green tissues have chemical defenses against fungal infections (Ferreira et al., 2006; 
Frahm, 2004; Hammerschmidt, 1999; Wang et al., 2005) that prevent or restrict fungal 
colonization. One can assume that the brown tissues have no active defense mechanisms, 
which makes it easier to colonize then the green tissue. 
Of the six most abundant OTUs, five occurred more frequently in the brown tissue 
(Fig. 4c). Also, some Galerina is also known to have the enzymatic apparatus to degrade 
moss tissue (Tortella et al., 2008; Nagendran et al., 2009; Ibrahim et al., 2011; Wolfe et al., 
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2012),   supporting the theory that they are saprotrophic (Gulden et al., 2005). However the 
OTUs also appeared in the green shoot fragments which indicate that they might also be 
biotrophic, and have multiple ecologies and are able to occupy several niches. One hypothesis 
is that they could be opportunists that do not colonize specific tissues, but rather try to 
colonize any available tissue. Another possible explanation is that the green tissue reads do 
not represent mycelium, but fungal spores. In most of the tissue samples (Fig. 2) few reads (1-
5) were detected, while some had a high number of reads (100-1,000), and a few samples had 
a value in between (10-90). Assuming that low abundance incidences represent spores, and 
high abundance incidences represent mycelium, the majority of green shoot fragments 
contained only spores of Galerina, while the brown shoot fragments contain both spores and 
mycelium tissue of Galerina. Galerina species are known to produce laccase and peroxidase 
enzymes that breaks down lignin and lignin like compounds (Tortella et al., 2008; Ibrahim et 
al., 2011), and cellulase and hemicellulase enzymes that breaks down cellulose and 
hemicelluloses (Nagendran et al., 2009; Wolfe et al., 2012). Since they produce enzymes that 
should be able to degrade the cell walls of the green tissue, but seems to be less able to, it 
further supports the presence of hostile and defensive capabilities of the green tissue against 
fungal infections.  
The only exception to the trend of brown tissue having more reads than the green is 
OTU 17 (~G. pumila), which has a high number of reads in the green tissue samples (Fig. 4c). 
OTU 17 (~G. pumila) might be a specialist on the green tissue of P. schreberi, being able to 
cope with the fungal defense mechanisms of the bryophyte. It might be a pathogen in the 
green tissue, like Tephrocybe palustris, which penetrates living chlorophyllous cells of 
Sphagnum (Redhead, 1981). However, all bryophytes collected for this study had a healthy 
appearance, and as reviewed by Davey and Currah (2006), bryophytes with pathogen 
infections often have macroscopic black, brown or yellow patches on them. It seems most 
likely that G. pumila is a weak parasite or an endophyte in the green tissue, adapted to the 
fungal defenses, and has found a microniche not used by the other OTUs. 
 
Methodological considerations  
Considering all 26 OTUs (Table 1), one can see that some Galerina morphospecies are linked 
to more than one OTU, whereas ideally we should have one OTU per species. One 
explanation could be that the within-species ITS2 divergence is lower than 96%, splitting a 
single species into several OTUs, resulting in multiple OTUs having the same species as their 
best BLAST match. The opposite would be that the within-species similarity is higher than 
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96%, resulting in different species getting lumped together into one OTU, making the best 
BLAST match for the OTU only representing one of several species. In these clustering based 
analyses there is a compromise to not split biological species in two or more OTUs with a 
threshold that is too high, or lump biological species together with a threshold that is too low. 
To minimize the effects of this, the OTU representative sequences were clustered with 
reference sequences from GenBank using different similarity thresholds, and 96% sequence 
similarity was selected because it minimized the number of splitting and lumping events. A 
second explanation may be that some OTUs have been compared with reference sequences 
that are not correctly named, i.e. the representative sequence for some OTUs may BLAST to a 
sequence that was deposited in GenBank with incorrect taxonomy listed. Galerina species 
assignment has hitherto been determined based on morphology/fruiting bodies (Gulden et al., 
2005), and is a group with some species notoriously difficult to distinguish from one another, 
meaning there is high likelihood that some sequences with incorrect taxonomy have been 
deposited in the database. A third explanation may be that the OTUs represent rare or 
unknown Galerina species. Therefore, the best BLAST match is the closest match in the 
database, but still not correct because no reference sequence is available. Further the Galerina 
genus is known to include numerous species complexes (Gulden et al., 2005), making it a 
challenge to draw clear lines between species. 
 
Conclusions  
This study exemplifies how high throughput sequencing data can be used to explore fungal 
species diversity and also their ecology independent of fruit bodies. From large datasets one 
can extract data of interest with a sequencing depth sufficient to make new discoveries and 
support theories. This study extracted 11,746 Galerina sequences which were clustered into 
26 OTUs (attributed to 15 unique species). Investigating the six most abundant OTUs showed 
that four out of six most abundant OTUs were host specific while the other two were not. P. 
commune was found to be less associated with Galerina than the other moss hosts, probably 
having a more hostile environment, and maybe effective mechanisms against fungal 
infections. Likewise, five out of the six most abundant OTUs where tissue specific while the 
last one was not. Hence the main ecology of the Galerina genus seems to be growth on brown 
tissue, probably as saprotrophs. However, there was also one OTU with affinity to G. pumila 
witch was found abundantly associates with both the green tissue, probably as parasites or 
endophytes, and the brown. This suggests that some Galerina species have multiple strategies, 
and are able to cope with several microniches. 
16 
 
Acknowledgements 
Thanks to Håvard Kauserud for supervising my master degree, and special thanks to Marie 
Davey for all the help with this thesis. I also want to thank Tor Carlsen for comments and 
inputs, Gro Gulden, and everybody at MERG for their support. 
 
References 
Amend AS, Seifert KA, Samson R, Bruns TD. 2010. Indoor fungal composition is 
geographically patterned and more diverse in temperate zones than in the tropics.  
Pnas, 107: 13748-13753. Doi: 10.1073/pnas.1000454107. 
 
Bach LH, Frostegård Å, Ohlson M. 2009. Site identity and moss species as determinants of 
soil microbial community structures in Norway spruce forests across three vegetation zones. 
Plant Soil, 318: 81–91. Doi: 10.1007/s11104-008-9819-6. 
 
Begerow D, Nilsson H, Unterseher M, Maier W. 2010. Current state and perspectives of 
fungal DNA barcoding and rapid identification procedures. Appl Microbiol Biotechnol, 87: 
99–108. Doi: 10.1007/s00253-010-2585-4. 
 
Benscoter BW, Vitt DH. 2007. Evaluating feathermoss growth: a challenge to traditional 
methods and implications for the boreal carbon budget. Journal of Ecology, 95: 151–158. 
Doi: 10.1111/j.1365-2745.2006.01180.x. 
 
Buèe M, Reich M, Murat C, Morin E, Nilsson RH, Uroz S, Martin F. 2009. 454 
Pyrosequencing analyses of forest soils reveal an unexpectedly high fungal diversity. New 
Phytologist, 184: 449–456. Doi: 10.1111/j.1469-8137.2009.03003.x. 
 
Caporaso JG, Kuczynski J, Stombaugh J, Bittinger K, Bushman FD, Costello EK, Fierer N, 
Peña AG, Goodrich JK, Gordon JI et al. 2010. QIIME allows analysis of high-throughput 
community sequencing data. Nature Methods, 7: 335–336. Doi: 10.1038/NMETH.F.303. 
 
Carroll FE, Muller E, Sutton BC. 1977. Preliminary studies on the incidence of needle 
endophytes in some European conifers. Sydowia, 29: 87–103. 
 
17 
 
Castresana J. 2000. Selection of conserved blocks from multiple alignments for their use in 
phylogenetic analysis. Mol. Biol. Evol, 17(4):5 540–552. 
 
Colwell RK. 2005. EstimateS: Statistical estimation of species richness and shared species 
from samples. Version 7.5. User's Guide and application published at: 
http://purl.oclc.org/estimates. 
 
Davey ML, Currah RS. 2006. Interactions between mosses (Bryophyta) and fungi. Can. J. 
Bot, 84: 1509–1519. Doi: 10. 1139/B06-120. 
 
Davey ML, Heegaard E, Halvorsen R, Ohlson M, Kauserud H. 2012. Seasonal trends in the 
biomass and structure of bryophyte-associated fungal communities explored by 454 
pyrosequencing. New Phytologist, 195(4): 844-56. Doi: 10.1111/j.1469-8137.2012.04215.x. 
 
Davey ML, Nybakken L, Kauserud H, Ohlson M. 2009. Fungal biomass associated with the 
phyllosphere of bryophytes and vascular plants. Mycological Research, 113: 1254–1260. 
Doi: 10.1016/j.mycres.2009.08.001. 
 
Day MJ, Currah RS. 2011. Role of selected dark septate endophyte species and other 
hyphomycetes as saprobes on moss gametophytes. Botany, 89: 349–359. Doi:10.1139/B11-
023. 
 
DeLuca TH, Zackrisson O, Nilsson M-C, Sellstedt A. 2002. Quantifying nitrogen-fixation in 
feather moss carpets of boreal forests. Nature, 419: 917–920. 
 
Döbbeler P. 1997. Biodiversity of bryophilous ascomycetes. Biodiversity and Conservation, 
6: 721-738. 
 
Döbbeler P. 2002. Microniches occupied by bryophilous ascomycetes. Nova Hedwigia Band, 
75: 275–306. Doi: 10.1127/0029-5035/2002/0075-0275. 
 
Edgar RC. 2010. Search and clustering orders of magnitude faster than BLAST. 
Bioinformatics, 26: 2460–2461. Doi:10.1093/bioinformatics/btq461. 
 
18 
 
Ekblom R, Galindo J. 2011. Applications of next generation sequencing in molecular ecology 
of non-model organisms. Heredity, 107: 1–15. Doi:10.1038/hdy.2010.152. 
 
Felix H. 1988. Fungi on bryophytes, a review. Botanica Helvetica, 98: 239-269. 
 
Ferreira RB, Monteiro S, Freitas R, Santos CN, Chen Z, Batista LM, Duarte J, Borges A, 
Teixeira AR. 2006. Fungal pathogens: the battle for plant infection. Critical Reviews in Plant 
Sciences, 25: 505–524. 
 
Frahm J-P. 2004. Recent developments of commercial products from bryophytes. The 
Bryologist, 107(3): 277–283. 
 
Gulden G. 2008. Galerina Earl. In Knudsen H, Vesterholt J. (eds).  Funga Nordica: 
Agaricoid, boletoid and cephelloid genera. Nordsvamp, Copenhagen, pp 785-804.  
 
Gulden G, Stensrud Ø, Shalchian-Tabrizi K, Kauserud H. 2005. Galerina Earle: A 
polyphyletic genus in the consortium of dark-spored agarics. Mycologia, 97(4): 823–837. 
 
Hakala K, Sewòn P. 1992. Reserve lipid accumulation and translocation of 
14
C in the 
photosynthetically active and senescent shoot parts of Dicranum elongatum. Physiologia 
Plantarum, 85: 111–119. 
 
Hammerschmidt R. 1999. Phytoalexins: what have we learned after 60 years?. Annual Review 
of Phytopathology, 37: 285–306. 
 
Hoshino T, Tojo M, Kanda H, Tronsmo AM. 2001. Ecological role of fungal infections of 
moss carpet in Svalbard. Mem Natl Inst. Polar Res, 54: 507-513. 
 
Ibrahim V, Mendoza L, Mamo G, Hatti-Kaul R. 2011. Blue laccase from Galerina sp.: 
Properties and potential for kraft lignin demethylation. Process Biochemistry, 46: 379–384. 
Doi: 10.1016/j.procbio.2010.07.013. 
 
19 
 
Jumpponen A, Jones KL. 2009. Massively parallel 454 sequencing indicates hyperdiverse 
fungal communities in temperate Quercus macrocarpa phyllosphere. New Phytologist, 184: 
438–448. Doi: 10.1111/j.1469-8137.2009.02990.x. 
 
Katoh K, Asimenos G, Toh H. 2009. Multiple alignment of DNA sequences with MAFFT.  
Methods in molecular biology, 537: 39-64. Doi: 10.1007/978-1-59745-251-9. 
 
Kauserud H, Mathiesen C, Ohlson M. 2008. High diversity of fungi associated with living 
parts of boreal forest bryophytes. Botany, 86: 1326–1333. Doi:10.1139/B08-102. 
 
Kost, G. 1988. Moss inhabiting basidiomycetes: Interactions between basidiomycetes and 
bryophyta. Endocytobiosis and Cell Res, 5: 287-308. 
 
Lindahl BD, Ihrmark K, Boberg J, Trumbore SE, Högberg P, Stenlid J, Finlay RD. 2007. 
Spatial separation of litter decomposition and mycorrhizal nitrogen uptake in a boreal forest. 
New Phytologist, 173: 611–620. Doi: 10.1111/j.1469-8137.2006.01936.x. 
 
Nagendran S, Hallen-Adams HE, Paper JM, Aslam N, Walton JD. 2009. Reduced genomic 
potential for secreted plant cell-wall-degrading enzymes in the ectomycorrhizal fungus 
Amanita bisporigera, based on the secretome of Trichoderma reesei. Fungal Genet Biol, 46: 
427-435. Doi: 10.1016/j.fgb.2009.02.001. 
 
Palviainen M, Finér L, Mannerkoski H, Piirainen S, Starr M. 2005. Responses of ground 
vegetation species to clearcutting in a boreal forest: aboveground biomass and nutrient 
contents during the first 7 years. Ecol Res, 20: 652–660. Doi: 10.1007/s11284-005-0078-1. 
 
Redhead SA. 1981. Parasitism of bryophytes by agarics. Can. J. Bot, 59: 63-67. 
 
Skre O, Oechel WC, Miller PM, 1983. Patterns of translocation of carbon in four common 
moss species in a black spruce (Picea mariana) dominated forest in interior Alaska. Canadian 
Journal of Forest Research, 13: 869–878. 
 
Smith EP, van Belle G. 1984. Nonparametric estimation of species richness. Biometrics, 40: 
119-129. 
20 
 
Tedersoo L. 2010. 454 Pyrosequencing and Sanger sequencing of tropical 
mycorrhizal fungi provide similar results but reveal substantial methodological biases. 
New Phytologist, 188: 291–301. Doi: 10.1111/j.1469-8137.2010.03373.x. 
 
Thormann MN, Currah RS, Bayley SE. 2002. The relative ability of fungi from Sphagnum 
fuscum to decompose selected carbon substrates. Can J. Microbiol, 48: 204-211. Doi: 
10.1139/W02-010. 
 
Tortella GR, Rubilar O, Gianfreda L, Valenzuela E, Diez MC. 2008. Enzymatic 
characterization of Chilean native wood-rotting fungi for potential use in the bioremediation 
of polluted environments with chlorophenols. World J Microbiol Biotechnol, 24: 2805–2818. 
Doi: 10.1007/s11274-008-9810-7. 
 
Turetsky MR. 2003. The role of bryophytes in carbon and nitrogen cycling. The Bryologist, 
106(3): 395-409. 
 
Wang XN, Yu WT, Lou HX. 2005. Antifungal constituents from the Chinese moss Homalia 
trichomanoides. Chemistry & Biodiversity, 2: 139–145. 
 
Wolfe BE, Tulloss RE, Pringle A. 2012. The irreversible loss of a decomposition pathway 
marks the single origin of an ectomycorrhizal symbiosis. PLoS ONE, 7(7): e39597. 
Doi:10.1371/journal.pone.0039597. 
 
Zwickl DJ. 2006. Genetic algorithm approaches for the phylogenetic analysis of large  
biological sequence datasets under the maximum likelihood criterion. Ph.D. dissertation, 
The University of Texas at Austin. 
 
 
